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ARTICLE INFO ABSTRACT

Keywords:
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In this study, the thermal performance (TP) of the microchannel heat sink (MCHS) under the influence of the slip
coefficient on the microchannel wall, the use of porous medium (PM) and phase change material (PCM), and the
changes in the geometrical parameters and the shape of the microchannel have been discussed. The flow and
energy equations were solved using the finite volume method. The validation of the melting process, slip co-
efficient, and porous medium with the previous literature demonstrate the high accuracy of the numerical so-

Non-Newtonian fluid
Porous media
Phase change material

Slip flow
Thermal performance lution, with the difference between the results being <8 %. The results indicate that using a wavy microchannel
GMDH can improve TP by approximately10.6 % and 5 % compared to smooth and converging microchannels. Addi-

tionally, using non-Newtonian fluids with a power characteristic of 0.53 leads to improved TP about 2.8 % by
reducing shear stress compared to Newtonian fluids. Furthermore, the presence of slip on the microchannel wall
influences the flow pattern, resulting in reduced convection resistance and improved TP about 3.2-3.8 %. The
highest TP was observed at a slip coefficient of 0.00001. Incorporating PM in the microchannel (either in the
center or around it) can enhance TP by approximately 8-15 % compared to the base state, with greater im-
provements observed when PM is placed around the microchannel. The type of PM material and the porosity
coefficient significantly impact TP. Varying the cross-sectional shape of the microchannel (square, rhombus, and
triangle) has a substantial effect on improving TP compared to a circular cross-section, with the highest TP (with
a 71 % increase) observed in microchannels with a square cross-section. Lastly, the use of PCM and PM on the
active surface leads to a significant TP improvement of over 80 % compared to the base state. Using the Group
Method of Data Handling algorithm, thermal resistance was estimated with an R-square value of 0.94 to validate
the available data.

heat sink. Another advantage of the MCHS is that it offers low-pressure

1. Introduction

The microchannel heat sink (MCHS) is a highly efficient cooling
system used in electronic devices to dissipate heat generated by them. It
is a compact and innovative solution designed to handle high heat loads
in a limited space. The MCHS consists of multiple microchannels that are
carved out of a solid metal block. These channels are incredibly small
and offer a large surface area for cooling. The channels are arranged in
parallel, and the coolant fluid flows through them in a laminar flow
pattern, which enhances heat transfer. The MCHS has many advantages
over traditional cooling systems. For instance, it provides a high heat
transfer rate, which helps in reducing the size of the heat sink. It also
eliminates hotspots and ensures uniform distribution of heat across the
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drop, which means that the coolant fluid can flow at a higher rate
without causing any damage to the system. Additionally, this system is
highly reliable and requires minimal maintenance, making it a cost-
effective solution for electronic devices. The effectiveness of MCHS is
highly dependent on several factors, including the geometry of the
microchannel, the fluid characteristics, and the surface properties of the
heat sink.

Rahmati et al. [1] explored the TP of a non-Newtonian nanofluid
consisting of CuO NPS in an offset fin strip MCHS. Their findings
demonstrate that an increase in the Re enhances the TP by increasing the
convective HT coefficient of the working fluid. This outcomes in a
favorable reduction in the surface temperature of the CPU and the rate of
thermal entropy generation. Miansari et al. [2] inspected the influences
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Nomenclature

Dy hydraulic diameter(mm)

U Slip velocity(m/s)

C Specific heat capacity(J/kgK)
f Fiction factor

n Power index

Nu Nusselt number

P Pressure (Pa)

Po Poiseuille number

Re Reynolds number

t Time(s)

A Surface(m?)

B Slip coefficient

Da Darcy number

R Thermal resistance(K/W)

14 Velocity(m/s)

g Gravity acceleration(m/ s%)

k Thermal conductivity coefficient(W/mK)
q Heat flux(W/m?)

Greek letter

y Shear rate(1/s)

€ Porosity coefficient

A consistency coefficient(Pa.s™)

n Viscosity (Pa.s)

p Density (kg/ms)

K Permeability coefficient(m?)
Q Liquid fraction

p Thermal expansion coefficient(1/K)
[ Temperature(K)

T Latent heat(J/kg)

17 Volume fraction

Subscript

f fluid

in inlet

s solid

w wall

Abbreviation

FVM finite volume method

GMDH  Group Method of Data Handling Algorithm
HT Heat transfer

MCHS  Microchannel heat sink

NPS nanoparticle

PCM Phase change material

PM Porous media

TP Thermal performance

of microchannel height on the HT of the non-Newtonian nanofluid. They
observed that an increase in both the channel height and Re leads to a
decline in temperature, while simultaneously increasing the HT rate and
Nu. Pahlavannejad et al. [3] inspected the hydrodynamic and thermal
behavior of water-CMC- Al,O3 in a wavy microchannel with rectangular
barriers. Their outcomes displayed that the average Nu rises with an
intensifying volume fraction of Al;03 NPS. Yao et al. [4] investigated the
HT of the water-carboxymethyl cellulose (CMC)/CuO in a silicon MCHS.
Ramesh et al. [5] presented Carreau nanodevices through a micro-
channel with electroosmosis, Joule heating, and chemical reactions.
Alnaqi et al. [6] investigated a zigzag MCHS with MWCNTs - SiO2/EG —
H0. Their outcomes displayed that growing the speed increases the
heat loss from the MCHS. There are other studies on the wave micro-
channel [7] and the use of nanofluids [8] in improving the HT from the
microchannel.

Sarlak et al. [9] considered the numerical optimization of a two-layer
MCHS. They showed that the use of carbon-based nanofluid creates a
decrease in the R of the MCHS compared to metal-oxide nanofluid.
Esmailnejad et al. [10] numerically examined the convection HT in a
rectangular microchannel. They showed that a significant intensifica-
tion in the HT of non-Newtonian fluids was observed with the use of
NPS, especially in the inlet area. Vasilev et al. [11] directed a compu-
tational simulation to compare the performance of seventeen various
types of MCHS models with circular pin fins to conventional MCHS. The
simulation took into account the effects of diameter, height and dis-
tance. Wang et al. [12] studied a MCHS that utilized ribs to chill a chip.
In another study [13], it has been shown that the use of PCM and porous
medium enhances the TP of MCHS by about 48 %. In similar studies, it
was emphasized numerically or experimentally that the use of PCM
[12-16] and nano PCM [17] leads to the amendment of the TP of MCHS.

Yousefi et al. [18] optimized the MCHS using the NSGA II algorithm
and considering microfluidic effects in the slip flow regime. Jing et al.
[19] theoretically studied the efficacy of the slip conditions on the HT of
the finned MCHS. They observed that slip conditions can increase the
Nu. Safikhani et al. [20] conducted a frost creation in micro discontin-
uous channel heat sinks with the slip velocity. Kumar et al. [21] found
that the HT for the slip flow was meaningfully more than for no-slip

conditions for a MCHS. Rajalingam et al. [22] analyzed the convective
instability of a nanofluid in a vertical porous cylindrical MCHS with the
slip conditions. In similar studies [22-24], it was stated that the use of a
porous medium is effective on the performance of MCHS. Hung et al.
[25] recommended using the conical microchannel to mend the TP of
MCHS.

Due to the importance of MCHS, many studies have been done to
evaluate its performance. As the literature suggests, extensive research
has been conducted to improve the TP of MCHS. To handle fluctuations
in heat generated by electronic devices, heat sinks must operate at full
capacity, requiring more electric power. While PCM-based passive heat
sinks can partially address this issue, they are only effective during the
phase-changing process. This study presents a novel PCM-based hybrid
MCHS model that combines the advantage of energy storage, providing
the ability to manage variable heat generation. According to the authors,
no significant research has been done on hybrid MCHS based on PCM,
porous material, and non-Newtonian fluid considering the slip condition
on microchannel walls so far. This indicates a great potential for ad-
vancements in hybrid MCHS for electronic cooling. In the current study,
the efficacy of changing the geometric shape of the microchannel (wave,
converging, and smooth) with non-Newtonian fluid, and the slip con-
ditions in the microchannel and the presence of PCM on the performance
of MCHS has been explored. The influence of Re, slip coefficient, and
NPS on the TP of the MCHS has been evaluated. The numerical solution
based on FVM is employed. A Power-Law non-Newtonian fluid is
employed to simulate the viscosity, while the enthalpy-porosity method
is utilized to model the melting-freezing process of PCM. The GMDH
algorithm is employed to estimate the TP of MCHS.

2. Problem description

Investigating heat transfer inside MCHS requires the simultaneous
analysis of conduction HT for the solid and convective HT to the chilling
fluid. In this study, the local hot spots created in the heat generator are
ignored and the constant heat flux assumption is defined as the thermal
boundary condition. For this study, microchannels with a circular cross-
section have been used assuming two wall states: no slip and slip.
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Straight (C1), wavy(C2) and convergent (C3) MCHS are considered
(Fig. 1). The fluid flow is considered incompressible, and laminar. The
microchannel with different cross-section (circular, rhombic, triangular,
and square) and the distance of the microchannel from the active surface
is considered for 7 modes, which is revealed in Fig. 1. Another case has
been investigated in which the porous layer partially fills the micro-
channel (in the center or around the microchannel). Also, the efficacy of
the placement of the porous layer& PCM in zone 1 on the TP of MCHS
has been inspected. The chilling fluid is water, water-CMC-CuO, and the
solid part is made of aluminum. The material of porous media is AL. The
characteristics of the materials used are presented in Table 1.The sizes of
the computational block are 10 x 0.7 x 10 mm?>. The inlet temperature
is constant at 300 K. The left wall of symmetry and the rest of the
revealed walls including the bottom and side walls, are thermal insu-
lation (Figs. 1 and 2).

The fluid flow is considered incompressible, and laminar. The utili-
zation of the Boussinesq approximation has been employed in the
modeling of free CHT. Considering the above suppositions, the main
equations of the problem will be defined as follows [13,26]:

ap
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where Ve, peyis, C, PDa, k, 7,0, Dpand t are velocity, porosity coefficient,
density, viscosity, heat capacity, pressure, Darcy number, thermal con-
ductivity coefficient, temperature, hydraulic diameter and time. p is the
thermal expansion coefficient. S&f are indicated solid and fluid. Au =
10°. The heat equation for the solid medium is considered as follows
[13]:

k, V20, =0 (&)

Re, Da and Poiseuille number (Po) are respectively defined as follows
[13]:

Zone2

an

Convergent microchannel

Fig. 1. Geometry and boundary conditions.
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Table 1
Characteristics of the materials used in this research [4,28].
Properties Water Cuo/water/CMC AL Climsel c21
(solid/liquid)
»(%) - 0 0.5 1 1.5 - -
p(kg/m3) 998 1002 1029.49 1056.98 1084.47 2700 1380
Cp(J/kg.K) 4182 4500 4357.97 4223.32 4095.51 871 3600
k(W/m.K) 0.6 0.6 0.602 0.616 0.623 202.4 0.7
p(1/K) 0.000295 - - - - - 0.0005
p (Pa.s) 0.001003 - - - - - 0.01
7 (J/kg) - - - - - - 144,000
A (Pa.s™) - 0.144 0.144 0.142 0.131 - -
n - 0.542 0.541 0.538 0.545 - -
Al A2
- — « -
L ¢ Lx
Lx
Lx
A3 Ad
A5 A6

—
L«
—-

s -
& -

Lx

T
A —
I )

i

Lx

A7

Fig. 2. Considered arrangements of the arrangement of microchannels.



S.D. Farahani et al.

Py Vintet Dy

Re %)
Uy
K
Da =— 6
a D (6)
1 AP D
0 =~ 21 % Re @
2 pf Vinler Lz

where Vi, is the inlet velocity. K is the permeability coefficient in the
porous material. The thermal resistance of the microchannel (R) is
described as follows [11-13,25]:

ew max 9[ inlet
R = i I 8
T e— (8)

where q & A are the heat flux, & area, respectively. The hydrodynamic
slip boundary condition is written as follow as [20]:

ou

s =B—
1 on

)
B is the slip coefficient and i is the slip velocity on the microchannel
wall. If the fluid is non-Newtonian, Hy is defined as follows [27]

w = A" (10

where A,n & y are the consistency coefficient, power index, and shear
rate. ANSYS Fluent software constructed on the FVM was utilized to
simulate HT and flow inside the microchannel. According to the Rey-
nolds range of the flow (Re (1000), the laminar flow model is utilized. To
investigate conjugate heat transfer, heat transfer is coupled by creating
an interface between fluid and solid domains. Boundary conditions are
defined in Fig. 1.

To change the boundary conditions on the walls and create slip
conditions in Fluent software, the user-defined function (UDF) is typi-
cally employed. To apply the slip conditions on the wall, the velocity
gradient perpendicular to the surface is calculated and multiplied by the
slip coefficient. The SIMPLE algorithm has been utilized to link the V and
P fields. Also, spatial discretization for pressure has been considered of
second order and for momentum and energy equations, it has been
considered in the second-order upwind. Pressure and momentum
relaxation coefficients have been taken as 0.25 and 0.65, respectively.
To guarantee the convergence of the solutions, the maximum residual
value for the Egs. (1)-(3) has been considered as 10’5, and for the en-
ergy equation, it has been considered as 108, Most solutions converge
after 1200-1600 iterations to the mentioned convergence range. The
flowchart of numerical solution was illustrated in Fig. 3a.

To solve the equations on the FVM, it is necessary to convert a
physical continuous domain into a computationally discrete domain.
That in the areas where the gradients are more severe (such as the areas
near the wall), the grid granularity becomes finer. A computing domain
is gridded with an organized grid. The quality of the average element is
0.98 and the quality of the lowest element is 0.8. To test the indepen-
dence of the grid, four grids with the number of meshes:M1(750000),
M2(1380000), M3(2275000) and M4(5040000) have been used. The
effect of grid dimensions on three parameters influencing the output
results (average slip speed and maximum subsurface temperature) has
been investigated and shown in Fig. 3b. M4 is considered as the most
accurate or basic mode and the amount of error of each mode is for
velocity:0.0096,0.0013, and 0.0004 and for temperature:
0.00029,0.00019, &3.2732E-06for M1, M2 and M3, respectively. Due to
the lack of significant change in the results between the M3 and M4
modes, the M3 mode meshing is considered the final meshing. This
process has been repeated for other geometries to determine the most
suitable grid. The selected mesh for two modes C1 and C2 is shown in
Fig. 3c. The same process has been repeated for all considered modes to
select the appropriate mesh. To confirm the validity of the obtained
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Fig. 3. a) flowchart of numerical solution, b) Grid study for C1 and c)view of
selected mesh for C1 and C2.

numerical solutions, the outcomes of the numerical solution should be
compared with laboratory results [29]. The mean Nu in the micro-
channel with D = 0.1 mm is compared with the laboratory study [29]
and shown in Fig. 4a. The relative deviation among the results of both
analyses is 6.7 %, which indicates the accuracy of the presented
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S.D. Farahani et al.

modeling. To validate the average Nusselt number in the present study,
it is compared with the results [30] for the microchannel for B = 0.1 at
different Re and shown in Fig. 4b. The results show a difference of about
4 % and the results are in good agreement with each other. Also, for the
porous medium, validation has been done with the results of Sho-
kouhmand et al. [31] for the case where the channel is filled with the
porous medium and Re = 50, the difference between the results of each
study is observed about 7 % (Fig. 4c). To further ensure the correctness
and proper performance of the numerical modeling, the history of the
melting fraction of the experimental gallium metal melting process by
Gau and Viskanta [32] has been modeled and the results are compared
in Fig. 4d. As can be seen, the numerical modeling predicts well the

Journal of Energy Storage 74 (2023) 109357

location and shape of the melt front and the results differ by <6 %.
3. Results and discussion

Using the presented modeling to examine the TP of MCHS under the
impact of changing the geometrical factors and the geometrical shape of
the microchannel, non-Newtonian fluid, and slip coefficient on the wall
of the microchannel, the use of porous medium and the effect of the
characteristics of the medium and the use of PCM have been
investigated.

14
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Fig. 6. a)the effect of changing n of Power-law fluid and b) the effect of ¢ on the TP.
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3.1. Analysis of the effective parameters on the TP

In Fig. 5, the effect of changes in frequency and wave amplitude
($&3) in the wavy microchannel geometry on thermal resistance as well
as different geometries for the microchannel has been investigated. With
the intensification of Re, the R decreases in all geometries. The augment
in the Re means a rise in the flow rate in the microchannel and a dimi-
nution in the convection resistance against heat dissipation. Compared

16
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to the basic state, the R changes for Re=50, 100, 200, 500, and 800 for
the wavy microchannel are 1.6-5 % and for the convergent state be-
tween 3 and 6 % decrease in the thermal resistance has been observed. In
the context of a converging microchannel, as the cross-sectional area
decreases along the channel, the velocity of flow increases, leading to an
increase in the convection heat transfer coefficient. Consequently, the
average R of convection in the microchannel decreases in comparison to
the conventional microchannel state. The wavy microchannel mode has

9

898 F Bn=1
896 F
sos [ 02 Bn=0.57
892 On=0.53

89 F
sss E On=0.63
886
884
882 F

8.8

0.1 0.01 0.001 0.0001 0.00001

B

200 500

2049592 ¢

20+M62°C

0.001 0.01

0.1

Fig. 7. Effect of slip coefficient and position of the porous medium on the TP of MCHS and temperature contour.
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been able to improve the heat dissipation by the microchannel. In
addition to creating a temperature gradient along the channel as well as
an alteration in the cross-sectional area along the channel, the wavy
state of the microchannel wall can augment mixing and the mean tem-
perature in the microchannel, and lead to a reduction in R. With the
intensification of § in the wavy microchannel geometry from 20 to 100
by about 7 % and the phasing of wave amplitude from 0.05 to 0.2 by
about 10.6 %, a decrease in thermal resistance of MCHS has been
observed. It seems that the increase in the amplitude of the waves due to
the changes in the cross-section of the channel and the change in the
flow form has a greater effect on the R than the increase in the number of
waves along the channel. In the temperature contour, the temperature
gradient decreases as the number of § rises in the heat flux surface.

In Fig. 6, the result of using non-Newtonian fluid on R in different
Re and different geometries is investigated. According to the outcomes,
with the intensification in the n, the AP amplifies, but this increase in AP
is much more intense at low Re, that is, with the intensification in Re, the
effectiveness of the AP from changes in the Power-law fluid character-
istic decreases. Since the shear stress on the microchannel wall increases
with the increase of the n, the velocity gradient in this area will be
higher. Also, in a Re, with the increment of n, the capability to dissipate
heat from the surface of the heat flux decreases, and with the expansion
of the Re, the dependence of heat dissipation on the n decreases. In
convective HT, the thermal boundary layer(TBL) thickness is influenced
by the viscosity of the fluid. For shear-thinning fluids (n < 1), as the
shear rate increases, the viscosity decreases, leading to a thinner TBL
and enhanced HT. By reducing n from 1 to 0.53 at Re=50, the reduction
in R for the wavy microchannel, converging, and tube is approximately
2.1 %, 1.8 %, and 2.3 %, respectively.

The effect of adding CuO NPS to CMC non-Newtonian fluid (0.1 %)
on the TP of MCHS in different Re and different ¢ is shown in Fig. 6. The
addition of NPS has increased the k of the base fluid and ultimately
increased the HT coefficient, and the R has improved by <0.5 %
compared to the state without NPS. One of the interesting points is that
the addition of NPS has decreased the power index of the non-
Newtonian fluid, and then the APhas decreased with the intensifica-
tion in the ¢ of the nanofluid. Of course, this reduction is not significant.

The efficacy of the slip coefficient in MCHS with smooth tube is
investigated in several Re and presented in Fig. 7. The slipping of the
fluid on the microchannel wall has improved the TP of the MCHS. The
lowest value of R has been observed in the B = 0.00001. By increasing B,
the slipping speed on the wall can be increased, because the fluid speed
in the center of the channel increases. The wall slip can affect the TBL
thickness. With the slip flow, the TBL near the walls is thinner, leading to
enhanced HT. This is due to the increased mixing and diffusion of heat
caused by the altered flow behavior near the walls. Ultimately, this issue
will result in improved performance of the MCHS (about 3.2-3.8 %) by
reducing the friction drag and increasing the mass flow rate in a fixed
and specific pumping power.

The efficacy of the presence of the porous layer in the microchannel
on R is shown in Fig. 7. The existence of a partial porous layer within the
microchannel enhances the efficiency of heat conduction and alters the
thermal resistance of both conduction and convection. By reducing the
thermal resistance within the microchannel, it enhances the capability
of the microchannel to effectively dissipate heat from the active surface.
The presence of the porous layer around the microchannel in the P2 state
causes the fluid to be pushed toward the center of the microchannel, and
also in the porous region, the coefficient of thermal conductivity in-
creases, following heat transfer, and the thermal resistance helps in heat
dissipation. Consequently, the R in the P1 state is greater than in the P2
state. Because the arrangement of the porous medium in the P2 state is
caused by strengthening the conduction HT mechanism, it makes an
intensification in the HT coefficient in the area near the wall. In state P1,
the porous medium is positioned in the middle of the microchannel. The
fluid is pushed toward the walls, which can lead to reduced convection
resistance and improved HT. Compared to the non-porous state, the
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enhancement in thermal performance of MCHS is about 7-8.4 % for the
P1 state and 13.9-15.3 % for the P2 state. Therefore, the P2 state has a
better TP.

In the case of P2, the effect of the slip coefficient on R has been
investigated and illustrated in Fig. 7. It can be seen that the R changes
slightly by changing n with the increase of B, and this issue is also well
observed in the temperature contours. Due to the proximity of the
porous medium to the wall, the convection mechanism in this area has a
weaker effect than the conduction mechanism. As a result, fluid sliding
on the wall in this area is not effective in improving convection flow and
cannot be effective in improving TP. By decreasing the n, R decreases
and the lowermost value of R is detected at n=0.53. In the following
discussion, the efficacy of the characteristics of the porous layer (Darcy
number, porosity coefficient, and k/ks) on the TP of MCHS has been
inspected and shown in Fig. 8. Changes in the ¢ from 0.4 to 0.99 have
been investigated on the R. By changing the ¢ from 0.4 to 0.99, the R has
increased by about 18.23 %. with the increase of the ¢, the value of R has
augmented, because with the increase of the ¢, the effective k in the
porous area decreases and finally the TP of MCHS is weakened. Fig. 8
shows the thermal resistance changes of MCHS for different values of
Darcy number. With the increase of Da, the value of Nu has increased
and then R has increased. The cause for this behavior is that the rise in
Da causes more fluid to flow in the region next to the wall. As can be
seen, by increasing the Da from 107 to 0.1, the R decreases by about
0.01 %. Increasing Da results in an increased fluid penetration into the
porous region. This, in turn, can reduce convection resistance and
enhance the heat removal capability of the microchannel from the active
surface. The changes in the k;/k; in the porous region to the convection
HT coefficient for the case where the porous layer is placed near the wall
and for ¢ =0.8 and Re= 50 have been investigated and shown in Fig. 7.
By intensifying k;/ky, the value of the average HT coefficient on the wall
has increased in each Darcy number, and by changing this ratio (k;/kf)
from 0.1 to 10, the heat transfer value has increased by about 83 %. The
lowest value of thermal resistance is observed at k;/k;=100. Therefore,
it can be concluded that the material of the matrix of the porous medium
is one of the factors influencing the R. The efficacy of using PCM on the R
has been investigated in different conditions and shown in Fig. 8. The
PCM is located in a cubic matrix around the microchannels (Zonel).
Combined modes with porous medium, the slip coefficient and non-
Newtonian fluid have been examined. The outcomes specify that using
PCM leads to the improvement of MCHS performance. The PCM material
begins to melt by absorbing heat from the active surface. At the begin-
ning of the process, the dominant HT mechanism is conduction, and
with the creation of the melted layer, the natural convection HT
mechanism is created in the PCM environment. The PCM material has
improved the thermal performance by 41 %-90 % compared to the case
without PCM. In the case where there is a slip coefficient on the wall, the
R is increased by 0.7-2.1 % compared to the non-slip condition. When
non-Newtonian fluid with n = 0.53 flows in the microchannel, the R is
amended by 0.2-3 % compared to the Newtonian fluid state. When a
porous medium is used in the area where PCM is located, an important
enhancement in R is observed and this improvement is about 80 %. Since
PCM has a low k and at the beginning of the melting process, the HT
mechanism is conduction, and the use of a porous medium leads to an
enhancement in the effective k and improvement of this mechanism, and
ultimately causes heat rejection from the active surface and a decrease in
temperature. In this case the value of the melting fraction is higher than
in other cases. This issue is well seen in the melting fraction contours.

The effect of PCM location in the microchannel and cross-section on
R has been investigated and shown in Fig. 9. The cross-section of the
microchannel is circle, square, rhombus, and triangle. The area of the
microchannels is equal to each other. The outcomes specify that the
shape of the microchannel cross-section has a momentous efficacy on
the R, such that the R for microchannels with circular, square, rhombic,
and triangular cross-sections is 37 %, 71 %, 24 %, and 51 %,
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respectively, compared to the microchannel mode is improved with a
circular cross-section and without PCM. The motivation for this alter-
ation is attributed to the impact of the wall effect. In the scenario of a
MCHS with square cross-section, the maximum TP is observed. Also, the
effect of the distance of the microchannels from the active surface has
been investigated by considering three modes for the arrangement of the
microchannels placed in the desired geometry. In the case of A2 and A4,
compared to the case of Al, about 7.7 and 3.9 % improvement in
thermal performance has been observed. However, the A3 mode could
not improve compared to the A1 mode and weakened the performance
of MCHS by about 2.1 %. As the microchannel gets closer to the active
surface, the thermal resistance in the fluid pathway for heat dissipation
decreases, leading to an improvement in TP. At the time of 300 s, the
melting fraction contour for the MCHS state with microchannels with
different cross-sections is well shown. The results show that in a specific
time, the average melting fraction in Al, & A6 modes is at its highest
value compared to other modes.

Out of the modes that were investigated, the utilization of PCM and
porous media together can enhance thermal efficiency by approximately
80 %. The outcomes of this study's findings can assist electronic
component and processor designers and manufacturers in enhancing
and optimizing their equipment by exploiting the potential of these
examined modes.

3.2. Group method of data handling

Machine learning algorithm and artificial intelligence are the pro-
grams that can learn the hidden patterns from the data and predict the
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output and used for classification or prediction problems [35-38,46].
ANNs are a branch of machine learning algorithms that are built using
principles of neuronal organization discovered by connectionism in the
biological neural networks constituting animal brains [39-45,47,48].
Group Method of Data Handling (GMDH) is a machine learning algo-
rithm used for modeling and predicting complex systems. It was devel-
oped by Ivakhnenko in 1968 and is based on the idea of building a
network of polynomial models that adaptively optimize their structure
and parameters using a self-organizing approach [33]. The algorithm
works by recursively grouping input variables into subsets and fitting
polynomial models to each group using a least squares approach. The
best model is chosen by using a criterion such as the Akaike Information
Criterion or Bayesian Information Criterion. The selected model is then
used to predict the output variable [33]. The GMDH theory has resulted
in the development of various algorithms, each carefully designed to
accommodate specific conditions of a particular application. These al-
gorithms may differ in terms of the elementary function type, the
complexity of the model structure, the external criteria, or the modeling
task. The selection of the appropriate algorithm is contingent upon
factors such as the level of noise present in the data, as well as their
adequacy and type. In the early stages, GMDH algorithms made use of
probabilistic graphs, Bayes' formulas, and second-order polynomials as
elementary functions. Over time, however, the theory has evolved, and
GMDH methods have been categorized into two distinct groups: para-
metric and non-parametric algorithms. Parametric algorithms are rec-
ommended for systems with precise or low-variance noisy data, whereas
non-parametric algorithms are better suited for systems that are ill-
defined and exhibit high-variance noisy data. Parametric algorithms
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can be further classified based on the activation function or the
complexity of the model structure. Combinatorial algorithms perform an
exhaustive search between all candidate models, while multilayer or
iterative algorithms increase model complexity through an iterative
procedure. GMDH algorithms can be distinguished based on the type of
activation function, including polynomials, harmonic, multiplicative-
additive, and fuzzy. The adaptive nature of GMDH algorithms allows
for modifications to better suit each application's peculiarities. The
GMDH algorithm and structure are well explained in Fig. 10.

The Multilayer GMDH algorithm was initially introduced by Ivakh-
nenko [33] and has a structure alike to that of multilayer feedforward
neural networks as revealed in Fig. 10b. The quantity of layers and nodes
is objectively ascertained by an external criterion, in accordance with
the incompleteness theorem. The number of nodes in the primary layer
corresponds to the number of inputs, while subsequent layers possess
nodes equal to the number of pairs of variables for the characteristic
vector. The number of hidden units can be preestablished or adjusted
based on a threshold value of the external criterion. Multilayer
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algorithms do not embark on an exhaustive exploration among all po-
tential models; however, if the number of selected models in each layer
is sufficiently sizable, the optimal solution will never be forfeited. The
second-order polynomial represents the most popular variant of the
activation function. Ivakhnenko [34] argues that self-organization is
necessary when it becomes impossible to trace all input-output re-
lationships through a complex system. This capability has made GMDH
algorithms a suitable modeling procedure for real-world systems. The
GMDH algorithm contains four heuristics during the modeling proced-
ure that represent the principal attributes of GMDH theory [34]. Firstly,
a collection of observations that appears to be relevant to the object is
obtained. Secondly, the observations are categorized into two distinct
groups, with the first group utilized for estimating the coefficients of the
model, while the second group segregates the information contained
within the data into either beneficial or detrimental aspects. Thirdly, a
series of elementary functions is generated, whereby the complexity will
progressively increase through an iterative process resulting in diverse
models. Finally, in accordance with Godel's incompleteness theorem, an
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Fig. 9. The effect of the geometric shape of the cross-section and the arrangement of microchannels on the TP and the contour of the melting fraction.

external criterion is employed to select the optimal model.

Input variables for modeling are j, Re, 5, n,g, @, Da, and ¢ and output
variable is R. Modeling has been done using 108 data. 90 % and 10 % of
the data are regarded for training and testing, respectively. The
maximum number of neurons in a layer is 15 and the number of layers is
4. The estimation results are presented in Fig. 11. R-square for estima-
tion is 0.94504,0.97006 and 0.94491, for training, test, and all data,
respectively. The results show that the GMDH algorithm has been able to
estimate R.

4. Conclusion

In the current research, geometric deformation, non-Newtonian fluid
(NNF) and slip coefficient on the performance(TP) of MCHS has been
investigated. The efficacy of using the porous medium and its charac-
teristics and the use of PCM and its location have been investigated. The
equations governing the flow field and temperature were solved using
the finite volume method. A Power-Law non-Newtonian fluid is
employed to simulate the viscosity, while the enthalpy-porosity method
is utilized to model the melting-freezing process of PCM. The GMDH
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algorithm is employed to estimate the TP of MCHS. The most important
findings of this study are:

e By changing the geometric shape of the microchannel from the
conventional pipe state to the wavy and converging state, it has been
observed that the wavy state exhibits superior performance when
compared to other configurations. This modification enhances the TP
by approximately 16-50 %. Additionally, the magnitude of the wave
amplitude within the microchannel greatly influences the thermal

resistance (R).

Using a Power-law fluid and reducing the power index increases the

Nu and reduces the convection resistance, resulting in a noticeable 2

% enhancement in the TP. Additionally, applying the slip condition

on the microchannel wall reduces the R by 9-19 % in comparison to

the non-slip condition.

e Using porous media enhances the effective thermal conductivity
coefficient and TP. The percentage increase in TP is dependent on the
porosity coefficient, Darcy number, and ratio of solid to liquid con-
ductivity(ks/kf). At ks/ks=100, the greatest improvement in TP has
been observed.
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enhance the TP by up to 80 %. Additionally, the influence of incor-
porating PCM in the microchannel and altering its shape (circle,
square, rhombus, and triangle) has been examined. It has been
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